tructural heart disease (SHD) intervention is a new and rapidly evolving field. Procedures and devices are continually developed to treat a broad range of valvular and SHD. Development of dedicated structural training programs is challenging, in part because of the individualized nature of structural procedures and lower procedural volumes compared with coronary intervention. 1, 2 No consensus exists on the optimal way to acquire the necessary skills and procedural numbers. We describe a novel paradigm for training in SHD interventions that allows for acquisition of the technical skill necessary for procedural proficiency and periprocedural care. Most importantly, this approach enables the clinician to adapt to new, innovative procedures by mastering a core set of skills and provides a scaffolding for lifelong learning.
S
tructural heart disease (SHD) intervention is a new and rapidly evolving field. Procedures and devices are continually developed to treat a broad range of valvular and SHD. Development of dedicated structural training programs is challenging, in part because of the individualized nature of structural procedures and lower procedural volumes compared with coronary intervention. 1, 2 No consensus exists on the optimal way to acquire the necessary skills and procedural numbers. We describe a novel paradigm for training in SHD interventions that allows for acquisition of the technical skill necessary for procedural proficiency and periprocedural care. Most importantly, this approach enables the clinician to adapt to new, innovative procedures by mastering a core set of skills and provides a scaffolding for lifelong learning.
Each structural intervention may be considered to be comprised of a series of building blocks. By combining different building blocks, a structural intervention becomes a unique sum of its parts (Figures 1 and 2 ). This allows procedural competency to be taught and assessed by component blocks rather than by procedures, which change over time. Ten key SHD building blocks can be identified, which, when combined with the cognitive skills of structural intervention and device-specific training, allow appropriate planning and implementation of structural procedures. These building blocks also provide the foundation for new procedures through innovative use of the skill sets and devices to approach new clinical problems.
For learners, competency in each block may be assessed separately until independent practice is achieved. This approach allows development of a competency-based framework during training and ongoing practice. For established practitioners, application of the established building blocks in combination with device-specific training will lead to competency in evolving procedures, such as transcatheter mitral valve replacement.
We postulate that this new paradigm may be the preferred approach for training and assessment of SHD interventional skills.
Structured Training Schemes Using the Building Blocks Approach
The sequence in which training programs approach the building blocks may differ depending on the case opportunities within the department. Some of the component building Building Blocks blocks, such as transseptal puncture (TSP), will be performed with greater frequency given their foundation for many types of SHD interventions. Each block may be learned in parallel with other blocks although mastery of steps, such as large bore vascular sheath management earlier in the training scheme, is encouraged.
In parallel with procedural training, trainees require a detailed cognitive skill set of the natural history of structural and valvular heart diseases, which is largely outside the scope of this article. The disease-specific expertise and diagnostic evaluation skills required for structural intervention build on knowledge of core cardiology pathophysiology, cardiac imaging, and hemodynamics and are prerequisites to advanced training in structural interventions. As such, structural interventionalists require detailed knowledge of the natural history, presentation, and testing of patients with SHD and understanding of the evidence-based management of these patients before engaging in this training. Ideally, structural trainees should spend ongoing, dedicated time in a valve/structural heart clinic, developing a comprehensive approach to complex patients. Detailed understanding of cardiovascular hemodynamics allows accurate interpretation of the significance of valvular heart disease and aids decision making.
Percutaneous Coronary Intervention
Familiarity with handling of wires and catheters, venous and arterial access, and placement of catheters in the left ventricle, aortic root and right heart are integral to successful structural intervention. The majority of structural trainees will have completed coronary interventional training. Basic catheterization laboratory procedures, including strict deairing of equipment, maintenance of adequate heparinization, and wire and catheter manipulation are learned during level 1 diagnostic catheterization. 3 Many of the techniques used during structural intervention are similar to certain coronary interventions, including management of coronary guide catheters and guide support, deployment of covered stents, insertion of left ventricular support devices, and creation of rails during chronic total occlusion intervention. Percutaneous coronary intervention itself is a tool used in aortic valve structural interventions if coronary obstruction occurs at coronary ostia. The complications of structural heart interventions are also similar to potential coronary complications, and the operator should be familiar with management of vascular dissection and perforation, coronary dissection, pericardial tamponade, and stroke, among others. Management of pericardial tamponade with emergency echoguided pericardiocentesis is an important skill for the structural interventionalist. 4 An important, unresolved issue is the training of cardiothoracic surgeons interested in percutanteous structural intervention. Endovascular wire and catheter management skills need to be carefully acquired, but intracoronary percutaneous coronary intervention skills may be less relevant. Where opportunity exists, training in diagnostic coronary angiography and vascular access should be undertraining before SHD training.
Large Bore Sheath Management
Many structural interventional procedures require larger caliber vascular access than coronary procedures. A femoral approach is most commonly used, both arterial and venous. Vascular imaging, including computed tomography (CT) before procedure or vascular ultrasound at the time of vascular access, allows assessment of vessel caliber, calcification, and tortuosity. If a large bore sheath is required, this should be inserted over a stiff wire for adequate support. To minimize access site bleeding, closure or preclosure devices are frequently used. Although these have not been shown to improve outcomes after coronary intervention, 5 they are used as routine for large bore access in many structural procedures. 6 Absorbable anchor-type seals are also effective, and further devices are in development. 7 Detailed understanding of peripheral anatomy, including common anatomic variations, will facilitate the choice of appropriate access routes and allow prompt recognition of unanticipated congenital anomalies during procedures. 8 The ability to think outside the box and in collaboration with other specialties is sometimes necessary to gain access to the heart for a therapeutic procedure. 9 Innovative approaches, such as transthoracic, 10 transhepatic, 11 and transcaval 12 access, to facilitate intracardiac procedures have all been described. Although individual structural intervenionalists are unlikely to master each of these, the ability to build an intradisciplinary team to execute the procedure safely and effectively is a core competency.
Management of potential vascular complications, including vessel perforation with sheath, or device advancement and vessel stenosis after closure-device insertion, including use of the iliofemoral crossover technique, 13 is an important skill. Trainees should learn how to identify cases that may be managed with peripheral intervention, such as balloon angioplasty, and which cases require surgical intervention. Operators performing transcatheter aortic valve replacement (TAVR) should be able to perform balloon occlusion in the event of iliofemoral perforation and, if dedicated vascular/ peripheral interventionalists are not readily available within the department, should have the ability to perform femoral or iliac stenting if necessary.
Transseptal Puncture
In contrast to most patients undergoing TSP for other indications, patients referred for SHD interventions can have extremely challenging atrial septa to cross. Patients may have had previous interventions on their atrial septum or surgical intervention though the septum. The atrial septum may be patched, oversewn, fibrotic, or even calcified. Successfully crossing such anatomy requires specialized training and techniques. Transesophageal echocardiography (TEE) or intracardiac echocardiography guidance in addition to fluoroscopy is recommended. The use of dedicated equipment, such as the SafeSept wire (Pressure Products, CA) 14 or electrocautery, 15 can assist in obtaining safe puncture through complex septal anatomy. Other adjunctive techniques structural interventionalists use include needle dissection, balloon dilatation, and radiofrequency needles. For TSP and navigation within the left atrial appendage, training and working with electrophysiology colleagues are often helpful, particularly during the initial stages of training.
A precisely located TSP is important for SHD intervention and will depend on the procedure that is to be performed. The left atrial appendage is anteriorly located, therefore a posterior TSP allows the catheter to be advanced along a posterioranterior trajectory. 16 Mitral interventions require a sufficient height for catheter manipulation above the valve. For mitral paravalvular leak closure, location of TSP is guided by the location of the defect: anterior-inferior puncture is preferred for a lateral defect and a posterior-superior approach for a medial defect. 17 Detailed anatomic understanding including thorough knowledge of the spatial relationship of the atrial septum to surrounding structures, including variations in this relationship in various disease states, is a key prerequisite and will reduce potential for complications, including pericardial effusion and perforation of vital structures. Structural interventionalists should master advanced TSP techniques.
Navigating Within the Left Atrium
Once TSP has been performed, a steerable catheter or sheath may be used to target a specific area, for example, localization to the area of paravalvular leak, crossing of the mitral valve, entry into the left atrial appendage or pulmonary veins (Figures 3 and 4) . For safe catheter manipulation within the left atrium, trainees require a detailed understanding of relational anatomy in 3 dimensions for safe catheter manipulation because of the thin walled left atrial appendage, pulmonary veins, and atrial roof. 18 For many structural interventions, particularly of the mitral valve, intraprocedural imaging with TEE is performed. 19 Successful procedures are reliant on clear and consistent communication between the structural interventionalist and their imaging partners. Preprocedural preparation allows a shared language and familiarity with the desired views. Use of precise anatomic terminology rather than the clock-face method aids this communication. 20 The clock-face method can be seriously misleading as views may be as much as 180° apart ( Figure 5 ). The 3-dimensional (3D) view usually used to guide procedures is the en face left atrial view (the surgeon's view), which is right-left flipped compared with the interventionalist's view, Building Blocks which is the left anterior oblique, caudal view. X-ray gantry rotation leads to additional image rotation.
The transgastric view on 2-dimensional TEE more closely corresponds to the fluoroscopic interventionalists view. It is critically important structural interventionalists understand these nuances. The inclusion of fixed anatomic landmarks (aortic valve for anterior, ostium of left atrial appendage for anterolateral, and atrial septum for medial) is invaluable for avoiding cross disciplinary miscommunication. Fusion of the 2 imaging modalities is evolving and may mitigate some of these concerns. 21 Choice of wires and catheters for navigation within the left atrium will depend on the planned procedure. Exchange of large bore sheaths may be safely performed over a long, curled Inoue 0.025" wire (Terumo, New Jersey) or stiff 0.35" wire carefully placed in the left upper pulmonary vein. Entry into the left atrial appendage may be achieved using a pigtail catheter to minimize risk of perforation while entry into the left ventricle may be performed using a steerable guide and multipurpose catheter to position a preshaped wire safely in the left ventricle.
For equipment that requires larger device delivery, a dedicated sheath is typically inserted into the left atrium. Depending on the size of device to be inserted, balloon septostomy of the intra-atrial septum or dilatation with special large sheaths (eg, the Inoue dilator) may be necessary.
Intraprocedural Imaging and 3D Relational Anatomy
Development of the cognitive skills to integrate preprocedural CT, magnetic resonance, and echocardiographic imaging with the 2-dimensional fluoroscopic imaging at the time of procedure ultimately requires not only detailed anatomic knowledge and multidisciplinary training but also an understanding of how 3D anatomy changes with age, hypertension, and advanced valvular heart disease. Trainees need to be able to safely manipulate catheters and wires in 3D space, guided by 2-dimensional fluoroscopy and echocardiography. Intracardiac echocardiography is a useful imaging technique that is increasingly assuming a role in SHD interventions. 22 It allows intraprocedural imaging without the need for general anesthesia. 23 The probe is inserted via an 8F or 10F sheath in the femoral vein, and imaging is performed usually from the right atrium or right ventricle although it can also be placed in the left atrium. It may be used for sizing of structural devices, for example, for closure of patent foramen ovale and atrial septal defects or for left atrial appendage occlusion devices. 24 An important drawback is the need for the operator to simultaneously perform imaging, which can distract from procedural execution and concentration. Far-field resolution may also be limited, particularly on the far side of aortic or mitral prosthetic valves. As with TEE, intracardiac echocardiography imaging is operator dependent, and appropriate training and experience are necessary.
Although SHD interventionalists does not need to be able to perform a TEE or CT, they require skills of image interpretation and limitations. CT allows identification of vascular access routes and anatomic variations. The 3D reconstruction using dedicated software 25 is useful for relational anatomy while optimal angles for visualization of valves, valvular and paravalvular defects may be determined during preprocedure planning. Sizing of devices, including vascular plugs, valves, and left atrial appendage occlusion devices, may be performed in advance using CT or TEE.
Occlusion and the Telescoping Catheter Technique
The telescoping catheter technique may be used in multiple structural interventions to cross a lesion and deliver a vascular plug, occluding coils, septal and ductal occlusion devices, or others. Although use of vascular plugs is the preferred technique for percutaneous paravalvular leak intervention, 26, 27 there are no Food and Drug Administration-approved purpose-specific devices currently available. A telescoping system is created using a 125-cm 5F multipurpose catheter placed in a 6F guide (usually multipurpose) catheter and an exchange Building Blocks length stiff angled hydrophilic wire placed into the catheters and steered using a torquing device. This system allows the wire to be steered in different positions with multiple degrees of freedom and allows lesions to be crossed and then catheters safely advanced. Technique papers describe these techniques in detail. 26 Once a lesion has been crossed, an anchor wire may be used to maintain access and a sheath inserted for delivery of devices, or a rail may be created for improved support and device delivery 26 ( Figure 6 ). If multiple plugs are anticipated, a shuttle sheath, allowing delivery of plugs without loss of anchor wire position, may be used. 26 Structural interventionalists need to be familiar with the wide variety of delivery systems and occlusive devices that are available. Vascular plug devices are useful for multiple structural procedures, and similar techniques may be used to close paravalvular leaks, pseudoaneurysms, and coronary fistulae. For ventricular septal defects, specialized devices are now commercially available. 28 
Snaring for Wire Rail Creation and Retrieval
An arteriovenous or transapical rail may be created for improved support during delivery of valves, plugs, devices, or coils. These rails are created by advancing a stiff hydrophilic (or other) wire through either the venous or arterial system and snaring it with a catheter snare through the other system. 26 A continuous rail, either venous-arterial, venous-apical, or venous-venous, is then formed. Tension can be placed on this rail to advance equipment without risk of losing wire position. Snares may have a single or multiple loops and come in different sizes. For creation of a rail, 1 operator will manipulate the hydrophilic wire while the other attempts to snare the wire. The tricuspid valve is best crossed with a balloon tipped catheter to avoid entanglement in the subvalvular apparatus of the triscuspid valve.
More rarely, a transapical rail may be required. This is most commonly required in patients with dual left-sided mechanical prostheses, where a transvalvular arteriovenous rail would impinge on the prosthetic valve leaflets. Left ventricular apical puncture is described in more detail below.
Snares may also be used to retrieve foreign objects within the cardiovascular system. Once the technique is mastered, it may be used to avoid surgical exploration in the event of device, wire, catheter, or even valve embolization.
Valvuloplasty
Since the advent of TAVR, valvuloplasty procedures have increased in frequency. 29 The most common valvuloplasty procedures are for calcific degenerative aortic stenosis, and mortality has significantly improved in the TAVR era. 30 Careful sizing using preprocedural or intraprocedural imaging is essential to avoid severe regurgitation or annular rupture. Mitral valvuloplasties are rarely performed in the United States because of declining rates of rheumatic fever 31 but is a core structural procedure, indeed it may be considered the first adult structural procedure. Careful patient selection, particularly based on echocardiography, is essential. When mitral valvuloplasty is indicated, left atrial access is obtained via TSP, and steerable catheters are used to access the left ventricle. 32 In rare situations, creation of an aortic valve rail may facilitate a difficult procedure, illustrating the importance of cross-fertilization of techniques and ideas.
Role of Hemodynamic Monitoring to Guide Intraprocedural Decision Making
Preprocedural lesion assessment using invasive hemodynamics allows determination of severity of valvular heart disease. Hemodynamic monitoring is additionally important during SHD procedures for both early detection of hemodynamic instability and for response to structural intervention. 33 Familiarity with use and interpretation of hemodynamic data measured using closed loop hemodynamic monitoring systems is developed during cardiac catheterization training. 3 For structural intervention, this knowledge is extended and used to evaluate efficacy of treatment, as well as for early detection of complications, including pericardial tamponade, acute or worsening valvular regurgitation, and pulmonary vein rupture.
Intraprocedurally, dynamic changes in hemodynamics may be used to guide procedural decisions. In mitral regurgitation, the left atrial pressures reflect the regurgitant volume and its interaction with left atrial compliance. Left atrial pressure monitoring during the procedure can aid procedural decision making during mitral valve interventions. 34 Although invasive hemodynamic assessment has become less common in the era of advanced cardiac imaging, understanding and interpreting invasive hemodynamics is a core skill for the structural interventionalist.
Left Ventricular Apex Entry and Closure
Left ventricular entry is a rarely performed advanced technique but is useful in selected cases and may allow performance of specific procedures that are not otherwise feasible. 35 The left ventricular apex lies close to the anterolateral thoracic wall and may be accessed using small sheaths by direct puncture under fluoroscopic guidance. Many structural procedures may be performed using this access route, including medial mitral paravalvular leaks and mitral and aortic interventions. 36 Novel applications include providing access for arrhythmia ablation. 35 Preprocedure imaging with transthoracic echocardiography and CT scanning is used to identify and locate not only the left ventricle apex but also the long axis and trajectory of the left ventricle cavity in 3D space. Access is obtained with palpation, echo, and fluoroscopic guidance. 37 Depending on the size of access catheters, dissection of the site may be required, and this is usually performed by a cardiac surgeon as in a standard transapical TAVR. For smaller access catheters, 4F to 10F, a puncture with a needle and then introduction of a smaller sheath may be performed. When the intervention is complete, exit strategy is dependent on the size of access catheters. For small entry sites, the site may self-seal; however, hemothorax occurs in ≈20% of cases, 38 and vascular occlusion devices (eg, Amplatzer vascular plugs) or ductal occluders for hemostasis 39 may be required, particularly where larger access sheaths are used. Devices custom designed for apical closure are in development. Despite careful planning and exit, a relatively high rate of hemothorax occurs. 38 Drainage with a pleural tube is necessary in a small percentage of cases, thus apical access should not be undertaken lightly.
Preprocedural Planning and Device-Specific Training
For structural interventions, preprocedural planning can be as lengthy as the case itself. The access route, choice of device and percutaneous and surgical emergency plan in the event of a severe complication, should be determined in advance. Back up equipment, such as pericardiocentesis trays and mechanical support devices, should be ready. Prosthetic valve structure is variable, and trainees should have a detailed knowledge of prosthetic valve structure to minimize risk of leaflet impingement and to determine optimal valve-in-valve positions. A significant technical challenge is much of the equipment used during structural procedures was originally designed for other uses, most commonly coronary intervention. Operators, therefore, need to ensure that catheters and wires will reach the target. Which devices (eg, coils, plugs, and catheters) fit into which sheaths is also nonintuitive because external calibers and catheter lengths differ. Moreover because devices are often manufactured by different manufacturers, standardized compatibilities are rarely available. The use of empirically derived For each specific procedure, the trainee requires device-specific technical knowledge, including the composition of valve, plug and coil devices, and how to deploy each device.
As structural intervention expands, there are an increasing number of new devices made by different manufacturers. Each device will require specific training as set out by the manufacturer. The directions for use may be provided in written form or via manufacturer representatives present during the case. The interventionalist will need to be familiar with the Food and Drug Administration-approved indications, advantages, and limitations of each device.
A systematic approach to learning and understanding new devices is recommended as outlined below:
1. Understanding the unmet clinical and anatomic need to be addressed. 2. Understanding any predicate devices. 3. For preclinical investigational devices, discussions with the appropriate manufacturing engineers to understand device construction, stress points, failure modes, and luminal tolerances is helpful. 4. For approved devices, understanding the directions for use and approved indications is important, particularly when counseling patients and families. When commercially approved devices are used off-label, this has to be discussed during the informed consent process. This may include payers in addition to patients and their families. 5. Understanding specific procedural pitfalls.
Recommendations for Building Block Procedural Numbers
No consensus exists on minimal procedural numbers for SHD training or maintenance of competency. Anonymous surveys of training directors in SHD suggested that 20 to 50 procedures would be required to gain competency in patent foramen ovale and atrial septal defect closure, percutaneous mitral valve repair, and TAVR. 40, 41 Data for TSP have suggested that the learning curve should be at least 25 cases to minimize procedural complications. 42 An attraction of the building blocks approach rather than individual procedural numbers is that even with small numbers of specific procedures, procedural competency may be attained because the component-competencies have already been achieved during other procedures.
Although SHD training has historically been ad hoc as part of interventional training or after completion of training, the expansion of the SHD field is now sufficient for development of dedicated SHD Fellowship programmes. Ideally, training in each building block should be performed during a concentrated training time. At our center, for example, a 1-year dedicated Fellowship after percutaneous coronary intervention training has been established. We have used the building blocks training approach since the late 2000s and have 14 graduates of our structural interventional program. Of these, all perform TAVR, and 13 of 14 perform transseptal left atrial-based procedures.
For competence to be maintained, structural interventionalists will need to perform regular procedures containing each component building block although it is recognized that procedures that are performed more rarely, for example, left ventricular access, may be limited to specialized centers performing these procedures regularly. Where procedural numbers are low, simulation or industry-based proctoring courses may be helpful. In addition, procedures and devices are continually improving, and new devices are being trialled. Procedural competence is, therefore, more than simply maintaining the same procedural techniques and requires education and training in new devices and procedures and attendance at educational meetings to share knowledge of new techniques.
Training Techniques and Adjuvants
Structural procedures are complex: even after dedicated fellowship training, operators are likely to benefit from peer mentoring during tough cases. Observing intraoperative cardiac surgery and performing cardiac dissection in the pathology laboratory are invaluable pedagogical aids.
Even when an interventionalist is competent at each individual block, procedural fluency will benefit from detailed preprocedural planning and mentoring during the first cases. Putting the blocks together to smoothly execute a new procedure is a final step. A well-articulated procedural plan as part of the procedural briefing is extremely helpful to all team members, including assistants, technicians, nurses, and anesthesia colleagues. Proctoring, either through professional or industry-based links, is common, particularly when an institution is starting new structural procedures. Some industry companies may also provide device training in the animal laboratory. Many companies also run stand-alone training programs for specific devices.
Despite their promise, simulators have not thus far gained wide acceptance and use in interventional training. Limitations, including realism, haptic feel, limited equipment, and small number of scenarios, make simulation useful for novice trainees but less so for advanced trainees. Nonetheless, the use of simulators may augment procedure numbers and allow training 43, 44 and maintenance of competency for operators.
Three-Dimensional Relational Anatomy Training
Anatomic dissection using heart specimens performed on a periodic and regular basis allows appreciation of the intracardiac connections and their visualization using 2-dimensional fluoroscopy ( Figure 7 ). Use of 3D reconstruction software helps the trainee understand the overlying structures and connections seen at different fluoroscopic angles, and trainees should become familiar with using such software. This is arguably the most complex aspect of structural training and ultimately requires much procedural experience to attain. An emerging technology in structural training and procedural planning is the use of 3D printing. This allows visualization of pathology-or patient-specific anatomy, allowing understanding of complex 3D relational anatomy. 45 Preprocedural modeling using 3D patient-specific models is of particular value in the case of multiple cardiac devices or prior interventions, allowing assessment of potential impingement of vascular plugs on prosthetic valve function. It may also allow preprocedure choice of prosthesis type and size for paravalvular leaks and left atrial appendage occlusion. 46 Virtual 3D modeling using computer-assisted design software is invaluable in many cases, for example, predicting left ventricle outflow tract obstruction after mitral valve implantation, and will likely assume an increasingly important role in structural interventions. 47 
Conclusions
SHD intervention is an innovative, exciting, and rapidly evolving field. Training requires achievement of advanced cognitive and procedural skills. Although each structural procedure is approached individually depending on patient and lesion characteristics, standardized techniques form building blocks for a complex structural intervention. Combination of these techniques allows development of novel and safer approaches to these complex patients. We propose a novel modular approach to training in SHD interventions. This highlights the use of a series of building blocks to successfully perform infrequent structural procedures and to master emerging technologies.
